Twin formation in silicon nanowires (SiNWs) grown via the vapor-liquid-solid (VLS) mechanism was investigated. We found that the formation of twins in SiNWs was predominantly affected by the SiNW diameter: they are formed only for SiNWs with a diameter larger than a certain critical value, while single crystal NWs can form when the diameter is smaller. Detailed observation revealed that, in SiNWs grown in the [111] direction, which are the most commonly observed NWs under current experimental conditions, periodic twins are formed while multiple twins are formed in the minor [110]-directed NWs. The defect formation mechanism is also discussed for the purpose of better control of crystal perfection in SiNWs.
Introduction
Semiconductor nanowire synthesis with superior crystal properties is a prerequisite for realizing nanowire based electronic and optoelectronic devices. 1, 2) Silicon nanowires (SiNWs) are particularly promising for future nano-device applications. Over the past few years an extensive effort has been made toward controlled SiNW synthesis, mostly via the vapor-liquid-solid (VLS) mechanism. [3] [4] [5] [6] Even though significant achievements have been made in the field of SiNW synthesis, 7) some fundamental questions remain, especially on the controlled growth of high-quality SiNWs. Controlled growth of high quality SiNWs is required for realizing device applications.
Until now, the VLS mechanism 8, 9) of nanowire synthesis has proved to be the most tunable. The crystal quality of the wires grown by this technique can be very good and is usually considered ''defect-free''. In contrast, different types of defects have been observed in VLS-grown nanowires, 10, 11) though single-crystal SiNWs have also been realized. Microscopic studies have revealed defects in SiNWs similar to other crystalline materials.
12) The investigations of these crystal defects are of vital interest as they will ultimately determine the performance of SiNW-based electronic or photonic devices. However, there is a lack of comprehensive understanding about defects and the defect-formation mechanism in SiNWs.
We have already reported the controlled-diameter (12 AE 5 nm) SiNW synthesis by suppression of the aggregation of Au at 350 C by the VLS technique. 13) This technique has been realized by using the low-temperature decomposition of Si 2 H 6 .
In this paper we report details of the controlled-diameter SiNW synthesis at low temperatures from Si 2 H 6 and the presence of defects in the wires grown by VLS-low pressure chemical vapor deposition (LPCVD). We demonstrate that the crystallinity of SiNWs is size-dependent. These wires preferentially grow along the [111] direction, whereas some SiNWs with the [110] growth direction have also been observed. We also present data showing periodic and multiple twin defects in SiNWs growing in the [111] and
[110] directions, respectively, with increasing diameters. Moreover, studies show that the planar {111} twins cut across the wires perpendicular to their growth direction and cause the side walls of the wires to be microfaceted. A twin formation mechanism in these wires is discussed.
Experimental Procedure
SiNW growth was carried out in an LPCVD chamber from Si 2 H 6 using gold (Au) droplets as a catalyst. The Au droplets were deposited using e-beam evaporation at room temperature. The average size distribution of the Au droplets was found to be 10 AE 5 nm for an equivalent film thickness of 0.8 nm evaluated by a quartz crystal monitor. H-terminated Si(111) wafers with a resistivity 1.0 -1.2 Ácm were used as substrates. The SiNWs were grown by exposing the Au droplets covering Si substrates to a flow rate of 1 sccm of Si 2 H 6 and a flow rate of 49 sccm of H 2 at a pressure of 3 Torr. The Au droplets covering Si substrates were first annealed at a temperature of 375 C, measured at outer wall of the LPCVD chamber by thermocouple, and then exposed to the precursor gases for synthesizing SiNWs. The as-grown SiNWs were sonicated from the substrate into ethanol and were stretched across a lacey carbon grid to provide a vacuum background for transmission electron microscopy (TEM) images. Scanning electron microscopy (SEM) and TEM were used to analyze the samples.
Results and Discussion
Figure 1(a) is the SEM image of the Au droplets (10 AE 5 nm) used as a catalyst in this experiment. We observed that the crystalline SiNW synthesis can be realized by carefully controlling the Au/Si ratio and the growth temperature. The as-grown SiNWs predominantly exhibit the [111] growth direction. A few wires with the [110] growth direction were also observed. It has been reported that the smallest-diameter SiNWs prefer to grow along the [110] growth direction. 14) We found that the growth direction is independent of the diameter of the wires.
The preferred direction of the single-crystal growth distinguishes between various VLS synthesis schemes for semiconductor nanowires. The semiconductor nanowires grown by laser ablation or CVD exhibit predominantly the [111] growth direction, 3) whereas wires prepared by the oxide-assisted technique prefer the [112] growth direction. On the other hand, a high density of twin defects was observed in wires with diameters larger than 16 nm. A single grain boundary, indicated by an arrow in Fig. 3(a) , in the form of a faint line was observed in the center of the SiNWs with diameters mostly above 17 nm. Large numbers of twin defects in SiNWs with diameters above 20 nm were observed. These are periodic and multiple twins occurring in the wires depending upon the growth direction. Figure 3( 18) These twins exist in the entire length of the wires [ Fig. 3(c) ] and terminate at the interface with a eutectic alloy [ Fig. 3(d) ]. This suggests that these defects originate during nucleation and propagate into the wires. Such wires have a surface oxide about 8 nm thick with a non-uniform crystalline core. We also propose that the initial nucleation influences the structural properties of the wires. 18) Since SiNWs are crystalline, the crystallization occurs epitaxially at the interface between the metal seed and the wire. The atomic layers grow at the Au-SiNW interface and repeat the same crystal order in the entire length of the wire. The large-sized Au droplets nucleate heterogeneously resulting in the formation of multiple twins in the wires.
However, periodic twins were observed in SiNWs with the [111] growth direction. These twins bisect the wires perpendicular to their growth direction causing the side walls of the wires to be microfaceted [ Fig. 4(a) ]. Figure 4(b) shows a high-resolution TEM image of a SiNW containing a twin defect, which is indicated by an arrowhead. The diameter of the wires is about 22 nm. The twinning period in these wires could not be measured as reported elsewhere.
11)
The twins extend across the entire diameter of the wire as planer defects. The twin-plane formation in SiNWs grown in the [111] direction is quite expected because of the low twin energy for Si of about 22 meV/bond or 28 mJ/m 2 .
19)
Therefore, it is common that {111} twins form in SiNWs exhibiting the [111] growth direction. Understanding the growth mechanism is necessary for realizing high-quality SiNWs from Si 2 H 6 . The epitaxial nucleation of the wires by this method can be divided into the following three steps (Fig. 5): (i) the incorporation of Si into Au droplets from the underlying substrate resulting in molten Au-Si eutectic alloy formation; (ii) the cracking down and diffusion of source precursors on Au droplets; and (iii) the diffusion of source precursors on Si substrate.
The molten eutectics are formed in step (i) during annealing of the Au that covers Si substrates [ Fig. 5(a) ]. When these eutectics are exposed to the precursor gases, steps (ii) and (iii) occur [ Fig. 5(b) ] contributing simultaneously to SiNW growth [ Fig. 5(c) ]. These nucleation stages play a key role in determining the growth mechanism, morphology, size distribution, and defect-formation in SiNWs. In step (ii) precursors diffuse into the eutectic alloys and take part in the axial growth of SiNWs after supersaturation. The impingement of the source precursor on the substrate is assumed to be uniform. We suggest that these precursors also diffuse on the substrate and reach a favorable eutectic site for contributing to SiNW nucleation. If no such site is found within a certain time, then they will desorb. This step also influences the movement of the eutectics on the substrates as a part of the catalyst aggregation. It could also be a probable cause of some base-growth mechanism and defect-formation due to the movement of the eutectics during SiNW nucleation. The SiNW defects are diameter dependent and can be controlled by selecting a certain Au/Si ratio, which depends on the amount of the catalyst and the annealing conditions. The shape of the Au-Si eutectic is also temperature dependent and remains circular at low annealing temperatures. 20) We presume that these twin defects are formed due to fluctuations at the eutectic-SiNW interface caused by probable variations in the source gas concentration, temperature, movement of eutectic droplets on the substrates, or some other growth parameter. These fluctuations cause the wires to twin and kink and also influence their growth direction, for example, the transformation of the growth direction of the wires from the [111] to a bicrystalline 13) or the h112i growth directions.
18) The bending of the wires under intrinsic stress could also cause twin formation. We believe that the eutectic droplets below 16 nm in size can accommodate fluctuations at the eutectic-SiNW interface that do not support twinning for a particular crystallographic direction. We propose that because of this, small diameter SiNWs do not exhibit twinning, whereas the large size eutectics form twins in the wires. The small size wires exhibit the lowest-energy (111) and (110) growth planes which also do not favor twin formation. This suggests that defect-free SiNWs can be realized by selecting a specific catalyst size, annealing conditions, and by maintaining the stability of the catalyst on the substrates.
Conclusions
In conclusion, we have investigated the twin formation mechanism in SiNWs grown at low temperatures via VLS-LPCVD. Crystal-quality of the SiNWs strongly depends on the diameter of the wires which can be controlled using a certain catalyst size and growth conditions. The smalldiameter SiNWs are found to be free of defects whereas a high density of twins occurs in the large-diameter SiNWs with periodic twins in the wires exhibiting the [111] and multiple twins in the wires exhibiting the [110] growth directions. The defect formation mechanism in SiNWs based on the initial nucleation of the wires has been discussed to provide a better understanding for realizing defect-free SiNWs in a low temperature and low pressure growth process. Single-crystal SiNWs grown predominantly in the [111] direction with smaller diameters are attractive for electronic and optoelectronic applications.
